Abstract: By using a tunable-ratio optical coupler (TROC) to adjust the wavelength dependent intra-cavity loss, a L-band mode-locked erbium-doped fiber-ring laser (ML-EDFL) is demonstrated for generating wavelength-tunable femtosecond pulses. The change of output coupling ratio introduces different intra-cavity loss and shifts the peak of mode-locked gain profile to provide continuous detuning on wavelength of the ML-EDFL. A maximum tuning range of about 40 nm (from 1565.1 to 1605.3 nm) by decreasing the output coupling ratio from 95% to 5% is obtained, corresponding to a wavelength tuning slope of 2.25 nm/dB. The ML-EDFL exhibits a super-mode suppressing ratio as high as 47 dB and a pulsewidth of <5 ps at repetition frequency of 1 GHz.
Introduction
Erbium-doped fibers (EDFs) with high optical gain in conventional and long wavelength bands (C-and L-band) were comprehensively employed to develop broadband erbium-doped fiber amplifiers (EDFAs) for increasing the transmission capacity of dense wavelength division multiplexing (DWDM) communication system, and for characterizing the fiber-optic devices with ultrawide spectral bandwidths [1, 2] . To meet these demands of the next-generation time division multiplexing (TDM) system, the pulsed erbium-doped fiber laser (EDFL) with wavelength-tuning capability over the whole L-band needs to be developed. Various techniques have been proposed to achieve wavelength tuning or switching in mode-locked EDFLs by detuning the cavity dispersion [3] [4] [5] [6] [7] , by electrically controlling the delay time [8, 9] , by changing the temperature of the Fabry-Perot laser diode (FPLD) modulator [10] , by using an all-fiber based tunable filter [11, 12] , and by changing the wavelength-dependent cavity loss [13, 14] . In this paper, we propose a novel scheme for broadband wavelength-tuning a mode-locked EDFL operated at L-band. Instead of changing polarization in the EDFL cavity, the wavelength-tuning is achieved by simply adjusting the output coupling ratio as well as the cavity loss of the EDFL. During the wavelength tuning process, the modulation frequency remains unchanged and the pulsewidth can be kept less than 5 ps for each wavelength. Furthermore, a nearly transform-limited femtosecond EDFL pulse obtained by using single-mode fiber based linear dispersion compression is reported.
Experimental
The experimental setup of the wavelength-tunable mode-locked EDFL is shown in Fig. 1 . The optimized gain of the EDFL is provided by an EDFA with a 30m highly doped EDF sandwiched by two isolators. In contrast to conventional schemes with two-or multisegment EDF for better power conversion, our configuration employs only a long segment of EDF that is forward pumped with a 17.5-mW laser diode at 980 nm and backward pumped with a 200-mW laser diode at 1480 nm. A LiNbO 3 Mach-Zehnder intensity modulator (MZM) with a modulation bandwidth of 12.5 GHz is inserted into the EDFL cavity, which is then modulated using a comb generator driven by an amplified RF signal at 1 GHz for active mode-locking. The optical isolators ensure unidirectional propagation and the polarization controller (PC) optimizes the polarization of the circulating pulses into the MZM. The output coupling ratio of the EDFL is detuned by inserting a 1×2 tunable-ratio optical coupler (TROC) with a variable coupling ratio ranging from 0.5% to 99.5%. Note that there is no tunable band-pass filter (TBPF) in the EDFL cavity for wavelength-tuning because the TROC adjusts different intra-cavity loss to detune the lasing wavelength. The characteristics of the output pulses are monitored by a digital sampling oscilloscope (Agilent 86110A + 86109A), an optical spectrum analyzer (OSA, Advantest Q8347) and a microwave spectrum analyzer (Agilent 8565E). The pulse duration is measured by an optical autocorrelator (Femtochrome, Fx-103p). 
Results and Discussion

The performances of a ML-EDFL with TBPF
The total length of the L-band EDFL cavity with a TBPF is about 53 m, corresponding to a longitudinal mode spacing of 3.77 MHz. The active mode-locking is achieved by driving the MZM with a 17.5 dBm RF signal at a repetition frequency of 1 GHz, which is approximately the 270 th harmonic of the fundamental longitudinal frequency of the EDFL cavity. The DC offset bias of the MZM is chosen to provide maximum extinction ratio of the electrical pulses, and the stable optical pulse is obtained by fine adjusting both of the polarization controller and the RF-driving frequency. Figure 2 shows the peak power and pulsewidth of the EDFL with a TBPF at 10%, 50%, and 90% output coupling ratios. A tuning range of about 45 nm (covering the whole L-band) can thus be obtained for each output coupling ratio with different pulsewidth and peak power. In particular, the pulse-width becomes shortened as the output coupling ratio further decreases, and the shortest pulse-width of 8.8 ps is obtained at output coupling ratio of 10%. 
Performances of a novel ML-EDFL wavelength controlled by TROC
In contrast, the longitudinal mode spacing for the TBPF-free L-band EDFL is slightly enlarged to 3.922 MHz due to the lack of TBFP, while the active mode-locking is achieved at the 262 th harmonic of the fundamental longitudinal frequency. Figure 3 shows the 3-dB spectral linewidth and central wavelength of the output spectra from the TROC controlled EDFL is determined as the output coupling ratio is detuned from 10% to 90%. When the output coupling ratio decreases from 95% to 5%, the L-band ASE absorbs most gain at shorter wavelengths in C-band to facilitate the EDFL lasing at longer wavelength. The wavelength can be tunable from 1565.1 nm to 1605.3 nm, corresponding to a tuning range up to 40.2 nm. Although the wavelength should be tunable in the whole L-band as the output coupling ratio changes from 0.5% to 99.5%, we failed to monitor and measure the pulse shapes with the sampling oscilloscope or autocorrelator due to their finite sensitivity for the EDFL output at lower output coupling ratios. The autocorrelation traces of the TBPF-free EDFL pulses illustrate that the pulsewidth further shortens as the output coupling ratio decreases, which is mainly due to the broadening of the 3-dB spectral linewidth under an enlarged intra-cavity gain at longer wavelengths. In principle, the mode-locking pulsewidth is directly proportional with
, where f m denotes the modulation frequency, Δν represents homogenous linewidth, g o is single-pass integrated gain, and δ denotes the on-to-off modulation depth. The narrowest pulsewidth of 2.4 ps with a largest 3-dB spectral linewidth of 8.2 nm is obtained at 1599.3 nm under a 10% output coupling ratio, providing a time-bandwidth product of 2.35 (Gaussian pulse shape assumed). In addition, the RF spectra of the EDFL pulse measured with a resolution bandwidth of 10 Hz and a frequency span of 10 MHz/div is demonstrated to show the ultrahigh supermode noise suppression ratio (SMSR) of more than 47 dB, as shown in Fig. 5 . Such a high SMSR clearly indicates that the amplitude of the output pulses is relatively stable. 
Linear Dispersion Compensation of TROC Controlled ML-EDFL Pulses
To obtain a narrow pulsewidth with a chirp-free property, a single-mode fiber (SMF) is added after the output port of the L-band ML-EDFL. Because the output pulse is positively chirped, the SMF with a negative β 2 is selected to linearly compensate the chirp/dispersion and simultaneously compress the pulsewidth of the TROC controlled EDFL. The unchanged shape of EDFL spectra before and after adding the SMF corroborate that the dispersion compensation is completely linear, as shown in Fig. 6 . The shortened ML-EDFL pulsewidth after SMF with a length changing from 22.5 m to 37.5 m is illustrated in Fig. 7 . As a result, the narrowest pulsewidth of 580 fs fitted by Gaussian function is obtained after passing the ML-EDFL through a 32.5m-long SMF, giving rise to a time-bandwidth product of 0.56. The positive chirp of ML-EDFL pulses is entirely compensated by the anomalous (or negative) group velocity dispersion of SMF in order to slow down the red-shifted leading edge [15] , which eventually compresses the ML-EDFL pulsewidth to femtosecond regime. In addition, the optimized linear compression is applied to the EDFL pulses obtained at different output coupling ratios, as shown in Fig. 8 . Table 1 shows the wavelength tuning range, the narrowest pulsewidth, and the timing jitter of the L-band ML-EDFL with TBPF, TROC, and after chirp compensation. Although the EDFL with a TBPF has a larger and stable wavelength tuning range, the adding of TBPF inevitably limits the lasing linewidth and thus broadens the pulsewidth of the ML-EDFL. The pulsewidth can be shortened if the TBPF is replaced by the TROC, while the spectral linewidth becomes unlimited in the ML-EDFL. Such a system therefore benefits from not only the simplified wavelength tuning technique but also the cost-effective solution to shorten the output pulsewidth. 
Comparison with Conventional Approaches
Previously, Duan et al. have demonstrated a stable dispersion-tuned harmonic ML-EDFL laser with a wavelength tuning range only from 1555.7 to 1568.1 nm and a pulsewidth of 4 ps by using an intra-cavity semiconductor optical amplifier (SOA) as both a supermode-noise suppressor and a mode locker [3] . Chan et al. proposed an EDFL incorporated with a SOA based nonlinear fiber loop to extend the wavelength tuning from 1542.8 to 1562.3 nm by controlling the delay time between the modulation and the control signals, however, the ML-EDFL pulsewidth as large as 30 ps is limited under such a compensated dispersion-tuning scheme [9] . Zhao et al. also demonstrated a FPLD mode-locked EDFL, covering the wavelength range between 1546.6 and 1551.7 nm by changing the FPLD temperature from 12 o C to 19.6 o C [10] . Unfortunately, such a FPLD based mode-locking scheme leads to a broadened pulsewidth of 51 ps. By adjusting an intra-cavity polarization controller to introduce wavelength-dependent cavity loss [13] , Feng et al. have demonstrated ultrawide wavelength tunability of 1568.6-1607.8 nm but fails to control the ML-EDFL pulsewidth (~56 ps). In view of previous approaches, the performances of our proposed scheme has already been comparable with those reported by Jeon et al., in which an all-fiber acoustic-optic tunable filter was employed to implement a ML-EDFL with a wavelength tuning range up to 50 nm (1557-1607 nm) and a pulsewidth of 1.5 ps [11] . In comparison with a TBPF controlled wavelength tuning scheme, the propose EDFL does not sacrifice its pulsewidth when providing wavelength tunability. Even without pulse compression, the pulsewidth of the TROC controlled ML-EDFL are already competitive with most of L-band wavelength-tunable EDFL configurations reported previously.
In particular, the demonstration of a wavelength tunable L-band EDFL with femtosecond pulsewidth after dispersion compensation is premier. 
Conclusions
We have experimentally investigated the femtosecond output performance of a cavity-loss controlled wavelength tunable actively mode-locked EDFL, which is wavelength-tunable in full L-band without using any intra-cavity TBPF. The wavelength tuning is achieved by adjusting the output coupling ratio of the EDFL with a TROC which introduces wavelength-dependent cavity loss as well as changing the peak of the gain profile. Using a TBPF facilitate a wider tuning range of 45 nm (covering the whole L-band) at a cost of a larger pulsewidth of 14.2 ps. In comparison, the TROC controlled EDFL exhibits a smaller tuning range of 40 nm and a shorter pulsewidth of <5 ps. Under the linear compression in a SMF, we demonstrate the generation of nearly transform-limited Gaussian pulses with a peak power of 17 W and a pulsewidth of 580 fs at repetition rate of 1 GHz. These EDFL pulses are very stable with a side-mode suppressing ratio as high as 47 dB.
